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Ashfia Huq, Richard Welberry, and Emil Bozin size clusters such as nanoparticles, nanotubes, and nanorods. We are interested in defects and nanoscale substructures in bulk crystals. The greatest amount of information about the nanostructure can be obtained from a direct study of the singlecrystal diffuse scattering. In this article, we will highlight some recent advances in materials characterization using advanced x-ray and neutron scattering sources and focus on powder diffraction, total scattering, and single-crystal diffuse scattering.
Rietveld Analysis and Structure Solution from X-Ray and Neutron Powder Diffraction
Many materials in technological applications are polycrystalline and are most appropriately studied in powder form. Rietveld 1 described a structure refinement method that, instead of using integrated intensities from individual peaks, applied a least squares method for full powder pattern matching. This revolutionized the field of structural characterization of materials using powder diffraction, as it allowed the user to handle the overlap problem inherent in a powder diffraction experiment and still extract useful quantitative structural information from materials of interest. Traditionally, powder diffraction techniques were used predominantly for phase identification and quantitative phase analysis. Rietveld refinement led to a much wider application of the technique to determine structures of complex oxides, zeolites, and small organic molecules. Recent advances in x-ray and neutron sources and optics deliver higher resolution and flux to a sample. Combined with rapid improvements in computing, this makes it possible to carry out real-time diffraction measurements, which allows us to access processes in seconds, combine stroboscopic techniques to study kinetics of structural changes on a microscopic level on time scales of microseconds, study materials under extreme conditions of temperature and pressure, and routinely determine crystal and magnetic structures of ever more complex systems. The following sections will highlight some of these advances in the field of x-ray and neutron powder diffraction.
Introduction
Understanding and predicting properties of emerging complex functional materials requires detailed knowledge of their atomic-scale structure. Structure solution has traditionally been carried out using single-crystal analysis; only in the absence of single crystals were polycrystalline (powder) samples studied. However, with the emergence of powerful techniques to get quantitative structural information from powders, such as the Rietveld method (described in the next section), this trend is changing. Structural studies and refinement from powders are often the methods of choice and have had many successes in materials science. The powder method is especially powerful when employed for detailed parametric studies across rich phase diagrams of materials, for in situ studies of chemical processes, or when observing materials in operation, often in special environments that would be difficult to implement for single-crystal experiments. Traditional crystallography has serious limitations for the structural study of nanoscale materials, primarily due to the presence of only a few Bragg reflections that crystallography relies on and the diffraction pattern being dominated by diffuse scattering features. In this case, a recent development, the total scattering approach, can be used. This utilizes both Bragg and diffuse scattering signals and yields information on different length scales, making it a versatile technique to study complex systems, such as heterogeneous bulk materials, nanoporous media, and nanometerAbstract X-ray and neutron diffraction have been two key techniques for structural characterization of materials since their inception. If single crystals of the materials of interest cannot be synthesized, one has to resort to powder diffraction. This results in the loss of three-dimensional orientation information of the crystal, and one has to contend with the one-dimensional information that is inherent to powder diffraction, making it harder to analyze the data. The structural study of contemporary materials and their remarkable properties is a challenging problem, particularly when properties of interest result from interplay of multiple degrees of freedom. Very often these are associated with structural defects or relate to different length scales in a material. The signature of the defect-related phenomenon is visible as diffuse scattering in the diffraction pattern, and the signals associated with diffuse scattering are orders of magnitude smaller than Bragg scattering. Given these limitations, it is crucial to have high-resolution and high-intensity data along with the ability to carry out theoretical interpretation that goes beyond periodic lattice formalism of crystallography. Great advances have been achieved due to the advent of synchrotron and neutron sources, along with the availability of high-speed computational algorithms allowing materials scientists to work with a very small amount of sample (both single crystal and powder) and analyze vast amounts of data to unravel detailed structural descriptions that were not previously possible. This article presents some of these great advances in using scattering probes for materials characterization.
Their seminal work on the structure of YBCO using neutron powder diffraction showed that the structure did not contain CuO 6 octahedra, as was expected. They were also the first to find phase separation in La 2 CuO 4+δ , which led to the hypothesis of the much-debated electronic phase segregation in high T c superconductors. One of the more recent exciting developments in this field was the discovery of superconductivity in iron pnictides and iron chalcogenides. 5 Based on our knowledge of BCS-(Bardeen, Cooper, and Schrieffer theory) and high T c superconductors, it was thought that iron with its typical ferromagnetic properties is not compatible with superconductivity. While the first crystal structure analysis of the parent compound LaOFeP was carried out in 1995, 6 two publications 7,8 from Hosono's group at the Tokyo Institute of Technology pointed out that these compounds doped with F are superconductors with T c = 26 K. The superconducting transition temperature for this family of compounds doubled within two months with other rare earth metal substitutions. Three other families with parental prototype 122 (BaFe 2 As 2 ), 111 (LiFeAs), and 11 (FeSe) joined the original 1111 (LaFeAsO) compounds within six months. Neutron powder diffraction-probed structural and magnetic phase transitions of both the parent compound LaOFeAs and fluorine doped 9 La 1−x F x FeAs were performed. These studies revealed that LaOFeAs undergoes an abrupt structural distortion below 155 K, changing the symmetry from tetragonal to monoclinic at low temperatures. At 137 K, it develops longrange spin density wave (SDW)-type antiferromagnetic order, with a small moment but simple magnetic structure. Doping the system with fluorine suppresses both the magnetic order and the structural distortion in favor of superconductivity. Neutron diffraction continues to play a significant role in understanding the structure and transport properties of this family of materials.
Neutron powder diffraction is the tool of choice to solve the magnetic structure of materials and has made invaluable contributions to spintronic materials. 10 Representational analysis based on grouptheory techniques aids greatly in the determination of magnetic structures. The incorporation of this tool into existing refinement programs 11 simplifies its use for the general users carrying out rigorous analysis of experimental data. 12 In addition, global optimization techniques, such as simulated annealing, allow the solution of complex magnetic structures with several inequivalent sites in the unit cell and with low magnetic symmetry. For example, Chapon et al. 13, 14 first proposed the microscopic magnetoelectric coupling mechanism for YMn 2 O 5 based on the in-plane magnetic structure determination ( Figure 1 ). Recent advances in magnetic structure determination from neutron diffraction also can be found in Reference 15.
In Situ Time-Resolved Powder Diffraction
Materials are often employed under nonambient conditions. Powder diffraction is uniquely useful in studying such materials in realistic environments, making the in situ approach an ever-growing field in materials characterization. Early experiments to obtain kinetic insight into industrially relevant problems, such as the hydration of cement, were carried out at neutron sources. 16 Large penetration depth and sensitivity to lighter elements, especially mobile species such as hydrogen and oxygen, in the presence of heavier elements make neutron diffraction an ideal tool to probe energy storage materials, catalysts, gas absorption phenomena, and other chemical processes such as materials synthesis. However, the advent of synchrotron sources that are capable of producing x-rays with very high photon energies now allows penetration of x-rays through thick walls of stainless steel vessels, making it possible to mimic realistic reaction conditions to follow and obtain faster dynamic information, thus allowing diffraction studies of engineering materials.
For example, materials can be studied even as they undergo solid-state synthesis. In a recent publication, 17 25, 26 In situ time-resolved measurements also have been successfully used to carry out parametric studies of materials under varying temperature, [27] [28] [29] pressure, [30] [31] [32] and magnetic field [33] [34] [35] to elucidate their physical and chemical properties under varying environments.
Stroboscopic Measurements
The discussion so far has been centered on in situ time-resolved measurements of processes, which are not necessarily reversible. In these cases, sufficient counting statistics are needed, and the time slice required for each diffractogram is determined by the amount of sample, its scattering power, complexity of structure, and x-ray/neutron flux available. Hence, the speed of the observed phenomenon must be comparable to the counting time. However, if the process of interest is reversible, which means that it can be reproducibly cycled, then it is possible to collect data with much better time resolution (i.e., the shortest possible time slice of the phenomenon to be observed by using stroboscopy). The technique holds tremendous promise to study kinetic behaviors of systems such as spinodal decomposition in ionic crystals, stressinduced phase transition into the incommensurate phase of quartz, 36 or dynamic piezoelectric response in ferroelectric materials. 37 
Ab Initio Structure Determination from Powder Diffraction
Single crystal x-ray diffraction is the most widely used and powerful technique for solving crystal structures; however, many materials of interest are available only as microcrystalline powders. Compared to about 40,000 structures/year solved from single crystal data, only 200/year are solved from powder data. 38 The information contained in a powder diffraction pattern is intrinsically more limited, since the threedimensional intensity information of singlecrystal diffraction data is compressed to one dimension. However, there is a significant interest in both basic science and commercial enterprise to be able to solve the structure of these materials, and great strides have been made in that field over the last decade. Classical methods, such as the Patterson method, and direct methods have more recently been joined by a maximum entropy approach, global optimization techniques such as simulated annealing, genetic algorithm, and the charge flipping approach. Several books have been published recently discussing the various collection, a combination of techniques, such as thermo-gravimetric analysis, residual gas analysis, and powder diffraction, now allow a very attractive multi-probe approach to study the processes involved in solid-state synthesis.
In situ studies are also important in battery systems. When a battery is charged or discharged, the redox reactions change the molecular or crystalline structure of the electrode materials, often affecting their stability and reducing their lifetime. Recently, Nishimura et al. combined hightemperature powder neutron diffraction data and a maximum entropy method to reveal the first experimental evidence of a curved one-dimensional chain for lithium motion in the important battery cathode material LiFePO 4 . 18 Figure 2 shows that the lithium distribution is along the [010] crystallographic direction.
X-ray and neutron powder diffraction contribute to our understanding of other energy materials also, such as hydrogen storage systems, [19] [20] [21] [22] [23] [24] where they shed light on the mechanisms of hydrogen absorption and desorption. A combined synchrotron and neutron diffraction study of a 2:1 mixture of lithium amide and magnesium hydride, a potential hydrogen storage material, revealed the formation of an unknown phase Li 2 Mg(NH) 2 during dehydrogenation ( Figure 3 ). 21 Various structural phase transitions of this material also were observed at elevated temperature (closer to the expected performance conditions). methodologies to solve complex structures from powder diffraction, and dedicated structure determination from powder diffraction software is now available for the general user. [39] [40] [41] More recently, Oszlányi and Sütö presented a rather simple structure solution algorithm termed charge flipping. 42 This method then was adopted for powder data by Baerlocher et al. 43 and other structure solution programs. This algorithm has been successfully used to determine various complex framework structures, such as zeolite catalyst SSZ-74. 44 Powder diffraction is extending its contributions even further from standard structural chemistry into molecular biology and medicine. The World Health Organization estimates that each year, 300-500 million cases of malaria occur, and more than one million die of the disease, especially in developing countries. Nevertheless, neither the mechanism by which the malaria parasite detoxifies and sequesters heme nor how current anti-malaria drugs work are well understood. The heme group released from the digestion of the hemoglobin of infected red blood cells forms insoluble aggregate materials known as β-hematin or malarial pigment. It was thought that these aggregates are polymers, and the action of chloroquine or other related drugs is to inhibit a proposed polymerization enzyme. However, Pagola et al. 45 determined the structure of β-hematin by using simulated annealing techniques from synchrotron x-ray data. It was established that these molecules do not form polymers but dimers, which aggregate into chains through hydrogen bonding in the crystal. This observation is forcing researchers to rethink the mechanism by which current drugs work and possibly may help in the design of new ones.
Remarkably, powder diffraction is also having an effect in the complex world of protein crystallography. The first protein crystal structure determination from highresolution x-ray powder diffraction data took place in 2000 by Von Dreele et al. 46 A molecular replacement method adapted for Rietveld refinement was used to refine this 1630-atom protein-a variant of T 3 R 3 human insulin-zinc complex-by combining 7981 stereochemical restraints with a 4800 step synchrotron x-ray powder pattern. Since then, there have been many developments in experimental methods, software, and refinement strategies. 47 
Total Scattering Approach and Atomic Pair Distribution Function Analysis
Atomic order of interest in emerging complex functional materials is often limited to the nanometer length scale, where crystallography, the basis of Rietveld refinement, fails. 48 In these cases, the total scattering approach can be used. This approach treats Bragg and diffuse scattering on an equal basis. In recent years, the analysis of the total scattering data has become an invaluable tool to study nanocrystalline, nanoporous, and disordered crystalline materials. As a Fourier sine transform of the reduced total scattering structure function, F(Q), where Q is the momentum transfer, the atomic pair distribution function (PDF), G(r), where r is the interatomic distance, utilizes both Bragg and diffuse scattering and, hence, yields the direct-space information of atomic arrangements on various length scales. 49 With advances on the experimental and modeling software frontiers and their synergy, the applicability scope of the PDF method is extensive.
Nanocrystals
With reduction to nanometer size, materials exhibit novel or enhanced size-tunable properties compared to their bulk counterparts, with a broad range of promising applications such as nanosensors, biomedical imaging, optoelectronic devices, energy materials, and catalysts. In this domain, the presumption of a periodic solid, which is the basis of a crystallographic analysis, breaks down. Since the PDF probes atomic correlations independent of translational symmetry, it is well suited for nanoscale materials characterization. It allows access to a wealth of information: accurate determination of atomic-scale structure, homogeneous and inhomogeneous strain, structural defects, geometrical particle parameters such as diameter and shape, and core-shell structure assessment, important for understanding the fundamental mechanisms and processes in novel nanostructured materials. Appreciable effort has been made recently to accurately account for the finite size effects 50, 51 and enable modeling of the PDF for nanocrystalline materials. [52] [53] [54] The rich level of detail that can be obtained from the PDF is summarized in a recent study of quantitative size-dependent structure and strain determination of CdSe nanoparticles with diameters ranging from 2 to 4 nm. 55 CdSe quantum dots are extensively studied nanostructures that have size-tunable properties and form a model system for investigating a wide range of nanoscale electronic, optical, optoelectronic, and chemical processes. Figure 4a shows a transmission electron microscopy (TEM) image of 2 nm CdSe nanoparticles, with the corresponding x-ray diffraction pattern exhibiting few broad features in the raw data, clearly insufficient for carrying out conventional Rietveld refinement. However, the reduced total scattering structure function, F(Q) = Q(S(Q) -1), which is the momentum transfer Q-weighted version of the diffraction pattern, where S(Q) is total scattering structure function, amplifies the features at high values of Q that are nonobservable and provides means for utilizing this information for structural assessment. In Figure 4b shown for bulk CdSe (top) and small CdSe nanoparticles of various sizes. The data in this form for these materials can be assessed and compared on an equal footing through a process of structural modeling using versatile and user-friendly modeling software such as PDFgui. 53 Using this, it was shown that the core structure of the measured CdSe nanoparticles can be described in terms of the wurtzite structure with extensive stacking faults (Figure 4d ). The presence of stacking faults causes an anomalous increase of the atomic displacement parameters (ADPs) in the original wurtzite model. By assessing the enhancement of ADPs caused by various stacking fault densities using simulations, it was possible to come up with a calibration curve (Figure 4e ) that enabled the density of faults in the nanoparticles to be estimated at ~50% level. The diameter of the nanoparticle core was extracted directly from modeling the PDF data and is in good agreement with the diameter obtained from standard characterization methods (TEM, ultraviolet-visible absorption spectroscopy, and photoluminescence), suggesting that there is little surface amorphous region. The PDF also provides a means to assess inhomogeneous and homogeneous strain information from the width and position of the Cd-Se nearneighbor PDF peak (Figure 4f ), respectively. The widths of the first PDF peaks remain comparably sharp as the nanoparticles get smaller (Figure 4g ), indicating that there is little size-dependent inhomogeneous strain. However, the bond length of Cd-Se pairs shortens as the nanoparticle diameter decreases (Figure 4h ), indicating the presence of a homogeneous compressive strain that is nanoparticle size dependent, being 0.5% with respect to bulk CdSe for the 2-nm-diameter particles. This study demon strates the size-dependent quantitative structural information that can be obtained from very small nanoparticles using the PDF approach.
Rapid Acquisition PDF Measurements
Recent years have brought a particularly important breakthrough for application of the PDF approach, with utilization of an image-plate detector coupled with highenergy synchrotron x-ray radiation. This resulted in reducing the data collection time by at least four orders of magnitude in socalled rapid acquisition PDF setup, with access to a high Q range, excellent counting statistics, and highly reproducible data. 56 This not only enabled high data throughput experiments but also opened up new avenues for x-ray PDF studies of nano-sized and bulk materials not possible before, such as in situ 57 and under extreme conditions. 58 While determination of the crystal structure using single-crystal or powder diffraction measurements at nonambient conditions is done routinely, PDF studies at highpressure of material classes addressed here have been rather modest, since the pressure cells impose a number of compromises on the experiments, and since the diffuse scattering is inherently low intensity. Further advancements came with application of an amorphous silicon (a-Si)-based area detector with efficient readout capabilities, allowing for high-sensitivity and fast time-resolved PDF measurements. 59 The most compelling applications of the a-Si detectors lie in time-resolved measurements and parametric studies, rather than in static measurements under ambient conditions, enabling one to observe materials at work, such as determining the kinetics of chemical processes. This capability affects a broad class of problems in fields such as solid-state chemistry and catalysis. An impressive demonstration of this capability is given in a study of PtO 2 reduction. 51 Data were collected during the in situ reduction of Pt IV O 2 to metallic Pt 0 at 473 K under hydrogen gas flow (4% in helium), using the maximum ultrafast readout mode of an a-Si detector (30 Hz). Data suitable for PDF analysis were obtained for each frame. The 200 PDFs (Figure 5a ) cover the reduction process from initiation to completion. While the intensity of the peaks in the PDF corresponding to Pt-O and Pt . . . Pt distances in Pt IV O 2 (starting material) decrease from the initial values until indistinguishable from background over a six second period (Figure 5b ), the peak corresponding to the nearest-neighbor Pt-Pt distance in the metallic Pt 0 product appears and grows in intensity. Refinement of a face-centered cubic model to the experimental PDFs corresponding to the Pt 0 product yielded fits with excellent agreement. The a-Si detector improves the relative ease, reliability, speed, and efficiency with which high-quality x-ray PDF data may be obtained, with resolutions matching those routinely achieved at spallation neutron sources.
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Nanoporous Materials
High data throughput instruments enable measurements with excellent counting statistics, allowing weak scattering or dilute features to be investigated. This is particularly advantageous for differential PDF methods, through which relatively weak contributions to the total PDF (a few wt%), such as arising from adsorbed guest species, are studied. The problem of determining the structure of loaded nanoporous materials is often handled through either multiphase refinements or assessment of differential PDF. 49, 59, 60 A typical experiment consists of two measurements, one on an empty and another on a loaded nanoporous material, where a difference is taken and studied. An example of using PDF to study porous coordination framework materials, capable of reversible H 2 sorption that is of current interest for potential mobile energy-storage applications, is given in the recent study of H 2 -loaded Prussian blue analogue. 61 This study made direct observation of adsorbed H 2 -framework interactions in the nanoporous Mn II 3 [Co III (CN) 6 ] 2 , where the relative importance of accessible coordination sites and van der Waals interactions were addressed through differential x-ray and neutron pair distribution function analysis at 77 K. Figure 6a and 6b show the data for empty and loaded frameworks using x-ray and a neutron probe, respectively. Experimental differential PDFs are shown offset for clarity. Differential PDFs calculated for a model with a short-range binding interaction with Mn II fail to reproduce the features in the experimental data (bottom of Figure 6c and 6d). This is particularly evident in the x-ray differential, which contains a large contribution from the H-metal correlations. On the other hand, calculated differentials based on a model consistent with van der Waals interactions, in which the guest H 2 /D 2 is located at the center of the pore, (1/4,1/4,1/4), largely reproduce the observed peak positions and intensities of the x-ray and neutron differential PDFs. The capability of addressing this type of situation is of great importance for materials scientists.
Characterizing Short-Range Fluctuations in Bulk Materials
Finally, in bulk materials, the PDF allows assessment and comparison of structural information on different length scales from the same measurement. This is of particular importance for understanding properties of materials with a nanoscale structure that differs from crystallographic average. High data throughput neutron and x-ray total scattering measurements, coupled with new PDF modeling software capable of handling a large volume of data, 53 give an opportunity to study the structure of materials on variable length scales with an unprecedented level of detail. These studies include the evolution of local fluctuations across phase diagrams, allowing for important observations to be made systematically, consistently, and in "one go." An example of one such case is given in a recent study of nanometer length-scale fluctuations in La 1−x Ca x MnO 3 ( Figure 7 ). This material exhibits an extremely rich phase diagram over a wide range of Ca concentration and temperature and is a host to the colossal magnetoresistance effect and metal-to-insulator phase transition at which material transforms from the ferromagnetic metallic (FM) to the paramagnetic insulating (PI) state on heating. 62 Atomic PDF profiles, such as these shown in Figure 7a , reveal important local structural fluctuations. Although the average structure appears "regular" (Figure 7b ), local fluctuations are present in the material that mark themselves in the Rietveld refinement through an unphysical increase of the ADPs (Figure 7c) . The PDF approach provides insight into the nature of these fluctuations (Figure 7d ), characterized by local distortions of MnO 6 octahedra that decrease with increased Ca content in the insulating phase, rectifying an earlier understanding of the material and setting the limits for theoretical considerations. The synergy of high data throughput instruments and highperformance computing capabilities brings studies of local fluctuations in complex bulk materials to a new level.
Single-Crystal Diffuse Scattering
Although the pair distribution function provides rich information on nanoscale structures in bulk crystals, the information content is fundamentally limited by the extensive orientational averaging that takes place in the powder. If single crystals are available, the diffuse scattering can be analyzed directly, with both orientational and distance information unambiguously accessible, offering perhaps the most definitive means of elucidating the nanoscale structure.
Historically, the development of methods to interpret and analyze diffuse scattering has lagged well behind the development of conventional average structure determination. The reasons for this are that diffuse scattering intensities are much weaker than Bragg peaks, making the experimental observation vastly more demanding and time consuming. However, the advent of intense synchrotron sources and various kinds of area detectors means that this aspect of the problem is largely solved, and it is now possible to obtain high-quality three-dimensional diffuse scattering data relatively routinely. 63, 64 The second reason is that the sheer diversity of different types of disorder that occur in nature has made it difficult to formulate a solution strategy that will work for all problems.
Although interpretation and analysis of diffuse scattering from single crystals remains a challenging problem, many advances have been made. In particular, the use of Monte Carlo (MC) computer simulations of a model structure has become a powerful and well-accepted technique for this purpose. [65] [66] [67] [68] The method consists of comparing diffraction patterns calculated from a computer model of the disordered structure with measured x-ray or neutron diffuse intensities. The advantage of the method is that it can be applied generally to all systems, regardless of their complexity or the magnitude of the atomic displacements that might be present. The only limitation is the extent to which the MC energy can be made to provide a realistic representation of the real system energy. At one extreme, a very simplified model may be useful in providing a qualitative demonstration of particular effects, 69 while at the other extreme, a quantitative and detailed description of a disordered structure can be obtained. 70 
Some Theoretical Considerations
Intensity as a Function of Pair Correlations. Although Monte Carlo (MC) models may be used without any knowledge of basic diffraction theory, in building or formulating such models, it is important to recognize some basic properties of diffraction patterns that arise directly from the theory. First, and most importantly, remember that the diffracted intensity is the Fourier transform of the "pair correlation" function. For example, for a simple binary alloy, a general expression for the scattered intensity may be written, (1) This clearly shows that the summation is over all pairs of atoms m and m ′ in the crystal. These atoms have scattering factors f m and f m′ , respectively. The reciprocal space vector is k; r m and r m′ are real space vectors defining the average sites of the atoms; and u m and u m′ are individual atomic displacements away from these average sites. In Equation 1 , there is clearly no contribution from higher-body terms, such as triplets or quadruplets of atomic sites.
In some systems in which the basic MC potential is legitimately comprised of "pair interactions," the correlation function, and hence the intensity, will clearly reflect these basic interactions. However, if multi-body interactions are important, they can still be used in the MC energy, but the scattered intensity will not bear any simple relationship to them. The intensity will, rather, reflect the pair correlations that have been induced by the application of the multibody interaction. A striking example of this is shown in Figure 8 .
Diffuse Components.
A second important aspect of diffraction theory to consider when building or formulating MC models is to recognize that the scattered intensity can be expressed in terms of different components of intensity, which naturally arise when Equation 1 is expanded in terms of powers of the atomic displacements, u m .
I total = I 0 + I 1 + I 2 … + higher order terms (2) I 0 is the so-called short-range order term and is not dependent on the displacements, u m . This term arises when there is occupational disorder of the atomic sites of the average structure. I 1 is the size-effect term that takes into account that interatomic vectors, r N = r m -r m′ , that are nominally of equal length in the average lattice, have different lengths depending on whether the vector joins sites occupied by A-A, A-B, B-A, or B-B . N in r N is a number identifying the vector between two different atom positions. This component includes all terms that are linear in the displacements u m . I 2 is the Huang scattering and first-order TDS (thermal diffuse scattering) component and includes all terms that are quadratic in the displacements u m . Huang scattering is the name given to the intensity around Bragg peaks that arises as a result of the strain fields induced by point defects in a lattice. The different components may be distinguished in a diffraction pattern, as they have different dependencies on the scattering vector q = 4πsin(θ)/λ, where λ is the wavelength, and 2θ is the diffraction angle. Close to the origin, only I 0 is nonzero, while at progressively higher values of q, other terms become increasingly important. Figure 9 shows an example where the effect of I 0 is clearly visible near the origin, while at higher q, the effect of I 1 , in particular, comes to dominate.
An important aspect of this separation into different components is that the even components, I 0 , I 2 , I 4 , consist of sums of terms involving cosines and so are functions that are always symmetric about the Bragg peak positions. Conversely, the odd components, I 1 , I 3 , I 5 , consist of sums of terms involving sines and hence are functions that are antisymmetric about the Bragg peak positions. Of particular importance is the size-effect term I 1 , the presence of which produces a marked and very characteristic asymmetry in the scattering patterns. Although this asymmetry was first noticed in powder diffraction profiles, the effects in three-dimensional diffuse scattering are distinctive and more informative. The degree of asymmetry allows the magnitude of the size effect to be determined along with the length and orientation of the vector along which it is acting.
Examples
The three examples given in this section have been chosen to illustrate the diverse range of diffuse scattering effects that are observed in materials. The examples also show that MC simulation of a model structure is a general method that can be used to interpret and analyze the observed data to give detailed information of the nanoscale structure.
Potassium Molybdenum Oxy-Fluoride, K 3 MoO 3 F 3 . This is a prime example where the complex diffuse scattering patterns can be modeled using multisite interactions alone. The MC model is simple and consists of two multisite chemical constraints. Around each Mo, there are six anion sites forming an octahedron. It is assumed that in each octahedron, there are 3O and 3F ions and, moreover, these occur in threes on opposite triangular faces. The Mo ions then are displaced away from the middle of the octahedron toward the 3O ions that would otherwise be very under bonded. Any single (MoO 3 F 3 ) 3-ion thus has a resulting dipole moment that is oriented in one of eight different directions (Figure 8b ). The second simple constraint specifies that the net dipole of the six (MoO 3 F 3 ) 3-ions surrounding any potassium ion should be zero. This is all that is needed to reproduce the observed scattering. For further details, see References 66 and 71. It should be noted that a model could be constructed using pair interactions, but this would require many interactions and give little physical or chemical insight.
Non-Stoichiometric Oxide Wüstite, Fe 1−x O. The example of wüstite shown in Figure 9 is instructive. Around the origin of the diffraction pattern, as in Figure 9a , there is a motif of scattering comprising a weak diffuse square, with stronger elongated peaks at the centers of each side of the square and weaker peaks at the corners. These peaks are incommensurate with the basic FeO rock salt lattice, and their distance from the origin corresponds to the reciprocal of the spacing between defects. The same motif occurs around all other Bragg peaks, but now it is modified by the size-effect terms that arise because of local relaxation of the basic FeO lattice around the defects. Each motif is now highly asymmetric, with the intensity of the low-angle side of the Bragg peaks much stronger than on the high-angle side. Figure 9b shows a corresponding pattern calculated from a MC model. This qualitatively reproduces all of the different effects observed in the x-ray data. Figure 9c shows a small representative portion of the distribution of defects from which Figure 9b was calculated. For further details on this system, see References 66 and 72.
Pentachloronitrobenzene, C 6 Cl 5 NO 2 (PCNB). PCNB is an example that shows diffuse scattering and requires for its understanding all three types of component: I 0 , I 1 , and I 2 . The basic disorder in this system derives from the fact that each molecular site in the crystal contains the molecule in one of six possible orientations. In the average structure, the six substituent sites around a benzene ring comprise 5/6 Cl and 1/6 NO 2 (i.e., the nitro group may occur in one of six positions). On average, the molecular planes lie perpendicular to the c-axis. When viewed down the c-axis (Figure 10a ), the diffraction pattern shows broad regions of diffuse scattering that reflect the form of the short-range order term I 0 . In this section, the scattering around any given Bragg peak is symmetric, showing that the size effect is negligible. On the other hand, the view from a direction normal to the c-axis (Figure 10b strong diffuse peaks that are very asymmetric. This originates from a strong size effect that occurs whenever two molecules in neighboring layers have substituent sites in close proximity that both contain a nitro group. Figure 10c shows a scatter plot of the atom positions in the MC model for all unit cells in which the sites A and B are occupied by nitrogen. Note that d NN, the nitrogen-nitrogen distance, is greater than the length of the average vector, resulting in a tilting of the molecular planes. A second distinctive feature of Figure 10b is the set of vertical rods of scattering that run along the columns of Bragg peaks. These derive from the I 2 component and are due to concerted lateral movements of the planes of molecules normal to the c-axis. For further details on this system, see Reference 73.
Summary
In this article, the advances that have been made in a range of scattering-based techniques have been described. Together these provide a powerful set of tools for materials characterization. Selected examples have been shown to illustrate the trends in development, the demands set by the complexity of the materials properties, and the impact on contemporary materials science.
Three main areas have been covered. The first of these is the use of Rietveld refinement in powder diffraction, including ab initio structure determination and the ability to perform time-resolved studies. Second is the use of total scattering via pair distributions function analysis, which has extended the range of materials that may be studied from conventional powder samples to nanoparticles, single crystals, and even amorphous materials. Last is the analysis of diffuse scattering from single crystals, which arguably offers the most definitive means of elucidating nanoscale structure with both orientational and distance information unambiguously accessible.
It is anticipated that the synergy of these highly complementary methods and analysis tools will play an increasingly important role in the future of materials science research. With the development of even brighter sources, better detectors, faster and more efficient computational resources, and analysis software tools, it will be possible to unravel finer detail from a wider range of materials.
